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(54) REFLECTIVE POLARIZED LIGHT SEPARATION AND DIFFRACTION ELEMENT AND OPTICAL 
MEASUREMENT DEVICE COMPRISING SAME

(57) The present invention provides a reflective po-
larized light separation and diffraction element that is us-
able over a broad wavelength region including an ultra-
violet region, and an optical system measurement device
comprising the same. This reflective polarized light sep-
aration and diffraction element comprises: a substrate
(1); a reflection surface (2) formed on a surface of the
substrate (1); and a lattice structure body (3) provided
on the reflection surface (2) and indicating the structural
birefringence (Δ n∗). The lattice structure body (3) is made
from four patterned lattice structure bodies (3A, 3B, 3C
and 3D) each having a lattice structure with a different
azimuth angle. The plurality of patterned lattice structure
bodies (3A, 3B, 3C and 3D) are lined up in a prescribed
direction on the reflection surface (2) such that the azi-
muth angles of the lattice structures change in a struc-
turally cyclical manner.
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Description

Technical Field

[0001] The present invention relates to a reflective polarized-light separating diffraction-element, and an optical meas-
urement device such as a dichroism measurement device or a birefringence measurement device.

Background Art

[0002] The crossed-Nicol method is conventionally known as a method for measuring birefringence of a measurement
target, and a polarizer and an analyzer needed to be rotated relatively to the measurement target. Whereas, the bire-
fringence measurement device using a transmissive polarized-light separating diffraction-grating described in Patent
Literature 1 has been gathering attention for the point that such rotation mechanism as described above becomes
unnecessary.
[0003] In transmissive polarized-light separating diffraction-gratings, when a right-handed circularly-polarized light is
incident on an incident surface of the grating, the right-handed circularly-polarized light emerges from an exit surface
on the opposite side in a direction of a +1 order diffracted light. Moreover, when the incident light is a left-handed circularly-
polarized light, the left-handed circularly-polarized light emerges from a reflection surface in a direction of a -1 order
diffracted light. In other words, the transmissive polarized-light separating diffraction-grating has a property of dividing
the right-handed circularly-polarized light and the left-handed circularly-polarized light into directions of 61 order diffracted
lights. Figure 3 of Patent Literature 1 is a graph of which each intensity of 61 order diffracted lights of when the polarization
state (ellipticity tan-1(b/a)) of the incident light to the polarized-light separating diffraction-grating is changed variously
are plotted.
[0004] When the incident light is an elliptically polarized light (ellipticity = +15°, +30°) that is close to a right-handed
circularly-polarized light (ellipticity = +45°), the intensity of the +1 order diffracted light becomes larger than the -1 order
diffracted light.
[0005] By contrast, when the incident light is an elliptically polarized light (ellipticity = -15°, - 30°) that is close to a left-
handed circularly-polarized light (ellipticity = -45°), the intensity of the -1 order diffracted light becomes larger than the
+1 order diffracted light.
[0006] When the incident light is a linearly polarized light (ellipticity = 0°), the intensities of the 61 order diffracted
lights become equivalent. The linearly polarized light can be regarded as one of which the right- and left-handed circularly-
polarized lights being in phase with each other are overlapped; therefore, it can be said that, by the transmissive polarized-
light separating diffraction-grating, the right-handed circularly-polarized light component of the linearly polarized light is
divided into the direction of the +1 order diffracted light and the left-handed circularly-polarized light component of the
linearly polarized light is divided into the direction of the -1 order diffracted light.
[0007] In the birefringence measurement device of Patent Literature 1, when the right-handed circularly-polarized light
transmits the measurement target, the polarization state (ellipticity) of the right-handed circularly-polarized light changes
in accordance with birefringence of the measurement target. When the transmitted light is incident on the polarized-light
separating diffraction-grating, the intensities of 61 order diffracted lights in accordance with the polarization state of the
transmitted light are detected. Accordingly, the polarization state (ellipticity) of the transmitted light can be known from
the balance of the two detected values of intensities, and, as a result, birefringence of the measurement target can be
known.

Citation List

Patent Literature

[0008] Patent Literature 1: International Publication No. WO2016/031567 A1

Summary of Invention

Technical Problem

[0009] The polarized-light separating diffraction-gratings as described above have been developed for transmissive
polarized-light separating diffraction-gratings; however, reflective polarized-light separating diffraction-gratings have not
been developed. One reason for this was followings. The transmissive polarized-light separating diffraction-grating
comprises a periodic fine groove structure called as form birefringence (Δn∗), and has a property of imparting a phase
difference to a light that transmits therethrough, and further generating a diffracted light. Even when a reflective polarized-
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light separating diffraction-grating was to be configured based on the above transmissive diffraction-grating, it is difficult
to configure the reflective polarized-light separating diffraction-grating because a specific mechanism of how the property
change by impartation of a reflective property was not revealed.
[0010] Whereas, the present inventors considered that the reflective polarized-light separating diffraction-grating is
extremely advantageous for downsizing disposition of optical paths in various measurement devices using the same,
and greatly contributes to miniaturization of various measurement devices.
[0011] The object of the present invention is to reveal a specific mechanism of a reflective polarized-light separating
diffraction-element, provide a reflective polarized-light separating diffraction-grating suitable for miniaturizing various
measurement devices, and provide an optical measurement device comprising the same.

Solution to Problem

[0012] That is, a reflective polarized-light separating diffraction-element according to the present invention comprises:

a substrate;
a reflection surface formed on a surface of the substrate; and
a lattice structured body assembly that is provided on the reflection surface and exhibits a form birefringence (Δn∗),

wherein

the lattice structured body assembly includes lattice structured bodies of a plurality of patterns having lattice structures
of different azimuths, and
these lattice structured bodies of a plurality of patterns are aligned in a predetermined direction on the reflection
surface so that the azimuths of the lattice structures change in a structurally periodic manner.

[0013] According to this configuration, the lattice structured bodies of a plurality of patterns are aligned on the reflection
surface with a certain regularity. Accordingly, when the incident light transmits the lattice structured bodies of a plurality
of patterns, "impartation of a phase" occurs by the lattice structured bodies, and "difference of the direction of the diffracted
light" occurs simultaneously by a structurally periodic change of the patterns. Such property is represented as "T(x)".
[0014] Next, an influence of "complex refraction index" on the reflection surface occurs to the transmitted light during
its reflection. Such property is represented as "RM".
[0015] Since the reflected light transmits the lattice structured bodies of a plurality of patterns, it is affected by the
above-described property "T(x)" again.
[0016] In this way, it can be said that the reflective polarized-light separating diffraction-element of the present invention
has a property represented as "T(x)·RM·T(x)". As a result of calculation by this matrix model, the inventors succeeded
to prove that, by the reflective polarized-light separating diffraction-element of the present invention, the component of
the right-handed circularly-polarized light contained in the incident light is divided into the direction of the +1 order
diffracted light and the component of the left-handed circularly-polarized light is divided into the direction of the -1 order
diffracted light. Therefore, by using the reflective polarized-light separating diffraction-element of the present invention,
the polarization state of the incident light can be known based on the intensities of each reflected light that has become
the 61 order diffracted lights.
[0017] Furthermore, by using the reflective polarized-light separating diffraction-element having such property, meas-
urement devices such as a circular dichroism measurement device or a birefringence measurement device can be made
extremely compact.
[0018] Moreover, it is preferred that the surface of the substrate is formed in a stepped form along the predetermined
direction,

the lattice structured bodies of a plurality of patterns are also provided in a stepped form in accordance with the
stepped form of the surface of the substrate, and
the stepped form of the surface of the substrate is repeated in accordance with a structurally periodic change of the
azimuth.

[0019] Moreover, the reflection surface and the lattice structured body are preferably formed on both surfaces of the
substrate, and the polarized-light separating diffraction-element can be used invertedly.
[0020] A reflective polarized-light separating diffraction-element according to the present invention comprises:

a substrate; and
a lattice uneven structured body assembly that is formed on a surface of the substrate and exhibits a form birefringence
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(Δn∗),

wherein

an uneven surface of the lattice uneven structured body assembly is a reflection surface, the lattice uneven structured
body assembly includes lattice uneven structured bodies of a plurality of patterns having lattice uneven structures
of different azimuths, and
these lattice uneven structured bodies of a plurality of patterns are aligned on the surface of the substrate in a
predetermined direction so that the azimuths of the lattice uneven structures change in a structurally periodic manner.

[0021] According to this configuration, the lattice uneven structured bodies of a plurality of patterns are aligned with
a certain regularity, and the uneven surface thereof is also a reflection surface. Accordingly, when the incident light
reflects the uneven surface, an influence of "complex refractive index" on the reflection surface occurs. Such property
is represented as "RM".
[0022] Moreover, to the reflected light, "impartation of a phase" occurs by the lattice uneven structured bodies of a
plurality of patterns, and "difference of the direction of the diffracted light" occurs by a structurally periodic change of the
pattern. Such property is represented as "T(x)".
[0023] In this way, it can be said that the reflective polarized-light separating diffraction-element of the present invention
has a property represented as "RM·T(x)". As a result of calculation by this matrix model, the inventors succeeded to
prove that, by the reflective polarized-light separating diffraction-element of the present invention, the component of the
right-handed circularly-polarized light contained in the incident light is divided into the direction of the +1 order diffracted
light and the component of the left-handed circularly-polarized light is divided into the direction of the -1 order diffracted
light. Accordingly, by using the reflective polarized-light separating diffraction-element of the present invention, the
polarization state of the incident light can be known based on the intensities of each reflected light that has become the
61 order diffracted lights.
[0024] Furthermore, by using the reflective polarized-light separating diffraction-element having such property, meas-
urement devices such as a circular dichroism measurement device or a birefringence measurement device can be made
extremely compact.
[0025] Moreover, it is preferred that the surface of the substrate is formed in a stepped form along the predetermined
direction,

the lattice uneven structured bodies of a plurality of patterns are also formed in a stepped form in accordance with
the stepped form of the surface of the substrate, and
the stepped form of the surface of the substrate is repeated in accordance with a structurally periodic change of the
azimuth.

[0026] Moreover, the lattice uneven structured body and the reflection surface are preferably formed on both surfaces
of the substrate, and the polarized-light separating diffraction-element can be used invertedly.
[0027] A reflective polarized-light separating diffraction-element according to the present invention comprises:

a substrate;
a reflection surface formed on a surface of the substrate; and
a plurality of birefringent structured bodies aligned on the reflection surface in a predetermined direction,

wherein
each birefringent structured body has a large number of birefringent portions disposed within one segment, and the
plurality of birefringent portions are aligned along the predetermined direction such that an orientation of an optical axis
of birefringence of each birefringent portion continuously changes for at least 180 degrees within a surface parallel to
the reflection surface.
[0028] According to this configuration, each birefringent structured body provided on the reflection surface has a large
number of birefringent portions within a segment thereof, and these birefringent portions are aligned with a certain
regularity. Accordingly, to the incident light, "impartation of a phase" occurs upon transmitting the birefringent portion,
and "difference of the direction of the diffracted light" occurs by periodic change of the directions of the optical axes of
birefringence of these birefringent portions. Next, to the transmitted light, an influence of "complex refractive index" on
the reflection surface occurs during its reflection. Since the reflected light transmits the birefringent portion again, it is
affected similarly.
[0029] In this way, similar to the above-described reflective polarized-light separating diffraction-element comprising
the lattice structured bodies, the reflective polarized-light separating diffraction-element comprising the birefringent struc-
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tured bodies of the present invention divides the component of the right-handed circularly-polarized light contained in
the incident light into the direction of the +1 order diffracted light and the component of the left-handed circularly-polarized
light into the direction of the -1 order diffracted light. Accordingly, by using the reflective polarized-light separating
diffraction-element of the present invention, the polarization state of the incident light can be known based on the
intensities of each reflected light that has become the 61 order diffracted lights.
[0030] Moreover, the birefringent structured body and the reflection surface are preferably formed on both surfaces
of the substrate, and the polarized-light separating diffraction-element can be used invertedly.
[0031] An optical measurement device according to the present invention comprises:

any one of the reflective polarized-light separating diffraction-elements;
an incident optical means that makes a measurement light incident on the reflective polarized-light separating
diffraction-element; and
a detection optical means that detects lights in at least one or more specific directions among reflected lights that
are diffracted by the reflective polarized-light separating diffraction-element,

wherein
the optical measurement device measures optical properties of a measurement target disposed on an optical path of
the incident optical means or the detection optical means.
[0032] As described above, by using the reflective polarized-light separating diffraction-element, the layout of the
optical path can be easily downsized, and the optical measurement device such as a circular dichroism measurement
device or a birefringent measurement device can be made extremely compact. In particular, since the right- and left-
handed circularly-polarized light components contained in the incident light to the reflective polarized-light separating
diffraction-element are divided into the directions of the 61 order diffracted lights in a circular dichroism measurement
device, two circularly-polarized light components can be detected "simultaneously". Accordingly, time required for circular
dichroism measurement can be significantly shortened.

Brief Description of Drawings

[0033]

Fig. 1A is a diagram illustrating an overall structure of a reflective polarized-light separating diffraction-grating ac-
cording to a first embodiment, and Fig. 1B is a front view of the reflective polarized-light separating diffraction-grating.
Fig. 2A to Fig. 2F are front views of the polarized-light separating diffraction-grating, and show variations of the
polarized-light separating diffraction-grating to which a lattice structured body is formed on one surface.
Fig. 3A to Fig. 3F are front views of the polarized-light separating diffraction-grating, and show variations of the
polarized-light separating diffraction-grating to which lattice structured bodies are formed on both surfaces.
Fig. 4 is a front view of a reflective polarized-light separating diffraction-grating having a blazed structure according
to a second embodiment, and a plane view of a part thereof.
Fig. 5 is a three-dimensional view of a liquid-crystal birefringent structured body applicable to a reflective polarized-
light separating diffraction-element according to a third embodiment.
Fig. 6A is a diagram illustrating an overall structure of an optical measurement device according to a fourth embod-
iment, and Fig. 6B is a diagram illustrating an overall structure of an optical measurement device according to a fifth
embodiment.
Fig. 7A is a diagram illustrating an overall structure of an optical measurement device according to a sixth embodiment,
and Fig. 7B is a diagram illustrating an overall structure of an optical measurement device according to a seventh
embodiment.
Fig. 8A is a diagram illustrating an overall structure of an optical measurement device according to an eighth
embodiment, and Fig. 8B is a diagram illustrating an overall structure of an optical measurement device according
to a nineth embodiment.
Fig. 9 is a diagram illustrating an overall structure of an optical measurement device according to a tenth embodiment.
Fig. 10A is a diagram illustrating an overall structure of a circular dichroism measurement device according to an
eleventh embodiment, and Fig. 10B is a diagram illustrating a signal processing means that calculates a CD signal
from a detected signal thereof.
Fig. 11A and Fig. 11B are property graphs of the polarized-light separating diffraction-grating, and illustrate that
detection sensitivity
of the polarization state improves in the reflective polarized-light separating diffraction-grating than the transmissive
type.
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Description of Embodiments

[0034] In the following, the configurations of the reflective polarized-light separating diffraction-element and the optical
measurement device of the present invention are described in order with reference to the drawings. Fig. 1A is an overall
structure diagram of a reflective polarized-light separating diffraction-grating according to a first embodiment, and Fig.
1B is a front view of the reflective polarized-light separating diffraction-grating.
[0035] The reflective polarized-light separating diffraction-grating comprises: a substrate 1 consisting of a metal ma-
terial; a reflection surface 2 formed on a surface of the substrate 1; and a lattice structured body assembly 3 that is
provided on the refection surface 2 and exhibits a form birefringence (Δn∗).
[0036] The lattice structured body assembly 3 consists of lattice structured bodies (3A, 3B, 3C and 3D) of a plurality
of patterns having lattice structures of different azimuths (0°, +45°, +90° and +135°), and these lattice structured bodies
(3A, 3B, 3C and 3D) of a plurality of patterns are aligned on the reflection surface 2 in the X-axis direction such that the
azimuths of the lattice structures change in a structurally periodic manner. Here, the structural period aligning in the X-
axis direction of the azimuth of the lattice structure may be discontinuous as shown in the drawing, or continuous. For
example, a structural period that is trigonometrically continuous can also be achieved, such as liquid-crystal.
[0037] In the present embodiment, lattice structures of each pattern consist of parallel grooves. That is, a plurality of
lattice members 4 that are light-transmitting dielectrics is aligned at a pitch of even intervals such as 100 nm, for example.
The pitch of the lattice members 4 may be a half or less of a pitch of a wavelength of a measurement light (from ultraviolet
light to infrared light) to be used. Moreover, the width in the X-axis direction in the lattice structures of each pattern is 1
mm; however, a range of about 0.5 to 2 mm is acceptable. Here, the height h of the lattice structure of the present
invention corresponds to the depth of grooves shown in Fig. 1B, and the height h is 100 nm or greater, and preferably
300 nm or greater. The height h is preferably a height that is a half or greater of the wavelength of the measurement
light to be used.
[0038] The longitudinal direction of the lattice member 4 is called as the "azimuth" herein. When the azimuth (0°) of
the lattice structure of the pattern 3A is regarded as a reference, the azimuth of the pattern 3B is +45°, the azimuth of
the pattern 3C is +90°, and the azimuth of the pattern 3D is +135°. The lattice members 4 have the same shape in any
patterns and are aligned in the same way; however, only the azimuths are different in each pattern.
[0039] In Fig. 1, an example of a structural period (A) of the lattice structures of four patterns in total of which the
azimuths of the lattice structures are in the order of 0°, +45°, +90°, +135°, and 0° is shown; however, it may be of three
patterns, or five patterns or greater. Moreover, they may be aligned such that the structural period A repeats.
[0040] Fig. 2A to Fig. 2F are front views of the polarized-light separating diffraction-grating, and show variations of the
polarized-light separating diffraction-grating of which the lattice structured body is formed on one surface. The member
forming the reflection surface 2 is shown with a hatching in solid lines.
[0041] In Fig. 2A, a metal film 2a is formed on a surface of a substrate 1a, and the lattice members 4 are aligned on
the metal film 2a. In Fig. 2B, an uneven structure 4a consisting of a light-transmitting dielectric is formed on the reflection
surface 2 of a metal substrate 1. In Fig. 2C, not the uneven structure, but a lattice structured body configured by disposing
two types of light-transmitting dielectrics (4b, 4c) having different refractive indices alternately is provided on the substrate
1. In Fig. 2D, a lattice structured body similar to Fig. 2C is provided on the substrate 1, and a layer of the light-transmitting
dielectric 4d is further formed thereon. That is, the lattice structured body is provided inside the diffraction grating.
[0042] In Fig. 2E, a surface of a metal substrate 11 is formed unevenly, and a surface of unevenness is the reflection
surface. That is, the reflective polarized-light separating diffraction-grating of Fig. 2E comprises a substrate 11, and a
lattice uneven structured body assembly 12 that is formed on the surface of the substrate 11 and exhibits a form
birefringence (Δn∗). The uneven surface of the lattice uneven structured body assembly 12 is the reflection surface. The
lattice uneven structured body assembly 12 consists of lattice uneven structured bodies of a plurality of patterns having
lattice uneven structures of different azimuths, and these lattice uneven structured bodies of a plurality of patterns are
aligned in a predetermined direction on the surface of the substrate 11 such that the azimuths of the lattice uneven
structured bodies of a plurality of patterns change in a structurally periodic manner. In Fig. 2E, one of which a light-
transmitting dielectric is laminated and configured in an uneven form may be used as the substrate 11. In Fig. 2F, a
surface of a substrate 11a is formed unevenly like Fig. 2E, and a metal film 12a is formed on the uneven surface thereof.
[0043] Fig. 3A to Fig. 3F are front views of the polarized-light separating diffraction-grating, and show variations of the
polarized-light separating diffraction-grating of which lattice structured bodies are formed on both surfaces. Same ref-
erence signs are used for the reference signs that are in common with Fig. 2A to Fig. 2F.
[0044] In the following, optical properties of the reflective polarized-light separating diffraction-grating of the present
embodiment are described by using mathematical equations.

<Conventional transmissive polarized-light separating diffraction-element>

[0045] First, a case of a conventional transmissive polarized-light separating diffraction-element is described. The
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transmissive polarized-light separating diffraction-element consists of a lattice structure having a form birefringence
(Δn∗), a structural height h, and a structural period (A). When an optional polarized light is incident thereon, it has a
property of separating the optional polarized light into a right-handed circularly-polarized light and a left-handed circularly-
polarized light to diffract them in directions of +1 order and -1 order respectively.
[0046] A 232 matrix (Jones matrix) that expresses the property of the conventional transmissive polarized-light sep-
arating diffraction-element can be written as follows.

[0047] Here, 

[0048] Equation (1) means that a phase of +ξ is imparted to a fast-axis direction component of the incident light, a
phase of -ξ is imparted to a slow-axis direction component, and the azimuth of the fast axis of the element changes like
-kx/2 (rotates for 180° at x = A) relative to the optical axis of the incident light.
[0049] Here, when considering that the right-handed circularly-polarized light is incident on the element as an incident
light Ein, T(x)·Ein becomes as follows.

[Math. 2]

[0050] By contrast, when considering that the left-handed circularly-polarized light is incident on the element, T(x)·Ein
becomes as follows.
[Math. 3]

[0051] Here, the optional polarized light can be represented as an overlap of the right-handed and left-handed circularly-
polarized lights. When an amplitude of the right-handed circularly-polarized light is written as a and an amplitude of the
left-handed circularly-polarized light is written as b, it becomes as the following equation. Here, a and b are defined such
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that a relationship of a2 + b2 = 1 is satisfied.
[Math. 4] 

[0052] Therefore, with reference to Equations (2) and (3), T(x)·Ein is determined by using Equation (4) as follows.

[Math. 5]

[0053] Here, an m-order diffracted light vector Dm is denoted by the following equation.
[Math. 6] 

[0054] When Equation (5) is substituted to Equation (6), the following can be determined as a vector of a diffracted
light of when the optional polarized light is incident on the polarized-light separating diffraction-element.
[Math. 7] 

[0055] Here, from Equation (8), it is found that the +1 order diffracted light is a right-handed circularly-polarized light
of an amplitude b·sinξ. From Equation (9), it is found that the -1 order diffracted light is a left-handed circularly-polarized
light of an amplitude a·sinξ. The diffracted-light intensity ηm is given by ηm = |Dm|2/|Ein|2, and since it is |Ein|2 = 1 from
Equation (4),
[Math. 8] 
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it is determined as above.
[0056] Therefore, the ellipticity (e = b/a) of the incident light or a Stokes parameter <S3> can be calculated from the
relationship of Equation (13) by measuring the intensities of η61.
[Math. 9] 

[0057] As shown in Fig. 6B and Fig. 10 to be described later, rotating the optical element such as a diffraction grating
at a specific frequency is one effective means for improving S/N. A transfer matrix T(x) of when the optical element
rotates becomes as follows. Pre-multiplying the matrix T(x) of equation (1) with a rotation matrix R(θ) of angle θ and
post-multiplying the matrix T(x) of equation (1) with a rotation matrix R(-θ) of angle -θ results in a matrix T(x) of equation
(14).
[Math. 10] 

[0058] First, when considering that the right-handed circularly-polarized light is incident on the element, T(x)·Ein be-
comes as follows.
[Math. 11]
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[0059] Likewise, when considering that the left-handed circularly-polarized light is incident on the element, T(x)·Ein
becomes as follows.
[Math. 12]

[0060] Here, similar to Equation (4), when the optional polarized light is written as an overlap of the right- and left-
handed circularly-polarized lights (an amplitude of the right-handed circularly-polarized light is written as a, and an
amplitude of the left-handed circularly-polarized light is written as b: a2 + b2 = 1: the following equation), T(x)·Ein is
determined as follows.
[Math. 13] 

[Math. 14]

[0061] As shown in Equation (6), an m-order diffracted light vector Dm is denoted by the following equation.
[Math. 15] 

[0062] Therefore, the vector of the diffracted light of when the optional polarized light is incident on the polarized-light
separating diffraction-element that rotates is determined as follows.
[Math. 16] 
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[0063] Here, from Equation (19), it is found that the +1 order diffracted light is the right-handed circularly-polarized
light having an amplitude of b·sinξ·ei2θ. From Equation (20), it is found that the -1 order diffracted light is the left-handed
circularly-polarized light having an amplitude of a·sinξ·e-i2θ. The diffracted-light intensity ηm is given by ηm = |Dm|2/|Ein|2,
and, from Equation (4), since it is |Ein|2 = 1 and

the results identical to Equations (10) to (12) can be acquired like Equations (21) to (23).
[0064] [Math. 18] 

 It is determined as shown. Therefore, the ellipticity (e = b/a) of the incident light or a Stokes parameter <S3> can be
determined from the relationship of Equation (13) by measuring the intensities of η61.

<Reflective polarized-light separating diffraction-element>

[0065] Based on the point of view regarding the properties of the above-described transmissive diffraction-grating
(polarized-light separating diffraction-element), if the following arrangement is made, a reflective polarized-light sepa-
rating diffraction-element can be used as a polarized-light separating diffraction-element that functions under the ar-
rangement of the reflection system in the layout. In the following, functions of the reflective polarized-light separating
diffraction-element including difference between the transmissive type are described.

(A) Case of providing a reflective metal surface directly under the structure of the transparent dielectric:

[0066] A transfer matrix that represents reflection of a light incident on a metal surface (e.g., the metal film 2a of the
polarized-light separating diffraction-grating of Fig. 2A) at 0° (perpendicularly) is written as follows.

[Math. 19] 
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[0067] Here,

are components (in directions parallel to and perpendicular to the structure) of a complex refractive index of the transparent
dielectric (lattice member 4), and nM

∗ is a complex refractive index of the metal.
[0068] An m-order diffracted light vector D’m is denoted by the following equation.

[Math. 20] 

[0069] Here, when considering of propagation of light at (A) "the polarized-light separating diffraction-element having
the reflective metal surface provided directly under the structure of the transparent dielectric", it happens in the order of
"element transmission Tin(x)", "metal reflection RM", and "element transmission Tout(x)", T’(x) is given by the following
equation.

[Math. 21] 

[0070] Therefore, similar to Equation (4), when the optional polarized light is an overlap of the right- and left-handed
circularly-polarized lights (an amplitude of the right-handed circularly-polarized light is a, and an amplitude of the left-
handed circularly-polarized light is b: a2 + b2 = 1), T’(x)·Ein is determined as follows.

[Math. 22]
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[0071] When Equation (27) is substituted to Equation (25) to determine each D’m and η’m, a 0 order light becomes:

[Math. 23] 

and the polarization state of the 0 order diffracted light can be confirmed to be the same as the incident light. Moreover,
the diffraction efficiency of the 0 order light becomes the following equation.

[Math. 24] 

[0072] Next, the vector of the +1 order diffracted light becomes:

[Math. 25] 
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and the polarization state of the +1 order diffracted light can be confirmed to be one of which the left-handed circularly-
polarized light is overlapped with the right-handed circularly-polarized light. Moreover, the diffraction efficiency becomes
as follows.

[Math. 26] 

[0073] Moreover, the vector of the -1 order light becomes:

[Math. 27] 

and the polarization state of the -1 order diffracted light can be confirmed to be one of which the right-handed circularly-
polarized light is overlapped with the left-handed circularly-polarized light. Moreover, the diffraction efficiency becomes
as follows.

[Math. 28]

[0074] Therefore, similar to the case of the transmissive element, it is considered that the ellipticity (e = b/a) of the
incident light or a Stokes parameter <S3> can be determined from the relationship of the following Equation (34) by
measuring the intensities of η61. However, rTE, rTM and ξ that are property values of the metal layer and the phase-
imparting layer are needed for the calculation.

[Math. 29] 

(B) Case of which the structure of the lattice structured body is formed with a metal:

[0075] Furthermore, a case of which the structure of the lattice structured body is formed with a metal (e.g., the lattice
uneven structured body assembly 12 of Fig. 2E) is considered. When propagation of light at the element of (B) is
considered, since it happens in the order of "phase impartation by unevenness" and "metal reflection", T"(x) is given by
the following equation.

[Math. 30] 

[0076] Therefore, similar to the case of (A), T"(x)·Ein of when an optional polarized light is incident on the element is
determined as follows.
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[Math. 31]

[0077] When Equation (36) is used to determine each D’m and η’m, the 0 order light becomes:

[Math. 32] 

and the polarization state of the 0 order diffracted light can be confirmed to be the same as the incident light. Moreover,
the diffraction efficiency of the 0 order light can be shown as follows.

[Math. 33] 

[0078] Next, the vector of the +1 order diffracted light becomes:

[Math. 34]

and the polarization state of the +1 order diffracted light can be confirmed to be a right-handed circularly-polarized light.
Moreover, the diffraction efficiency becomes as follows.

[Math. 35] 
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[0079] The vector of the -1 order diffracted light and the diffraction efficiency become:

[Math. 36] 

and the polarization state of the -1 order light can be confirmed to be a left-handed circularly-polarized light. Moreover,
the diffraction efficiency becomes as follows.

[Math. 37]

[0080] Therefore, similar to the case of the transmissive element, the ellipticity (e = b/a) of the incident light or a Stokes
parameter <S3> can be determined from the relationship of Equation (13) by measuring the intensities of η61 in the
case of the element of (B).
[0081] From the above explanations by Equations (1) to (42),

(1) When a polarized light is incident on a polarized-light separating diffraction-element prepared with a transparent
dielectric, a transmitted diffracted light thereof is separated into a right-handed circularly-polarized light (+1 order
diffracted light) and a left-handed circularly-polarized light (-1 order diffracted light); therefore, an ellipticity of the
incident light and a Stokes parameter <S3> that shows the difference between amplitudes of the right- and left-
handed circularly-polarized lights can be determined by measuring the intensities of the 61 order diffracted lights.
However, its property does not change even when the element is rotated. This means that, by performing a lock-in
detection synchronized with rotation of the element, further improvement in S/N can be expected, but types of
information acquired by rotation of the element do not increase. In that sense, a similar effect can be achieved not
by rotating the element, but by simply chopping the incident light.
(2) When an element of which a fine structure of a transparent dielectric is imparted on a metal thin film, or an
element of which a fine structure is directly processed on a metal thin film is used as a reflective element, an ellipticity
of the incident light and a Stokes parameter <S3> can be determined by a method of measuring the intensities of
the 61 order diffracted lights like the case of the above-described transmissive element (1).
(3) In a case of the reflective element of the above-described (2), a further improvement in S/N can be expected by
performing a lock-in detection synchronized with rotation of the element. A similar effect can be achieved not by
rotating the element, but by simply chopping the incident light.

[0082] Fig. 4 is an overall structure of a reflective polarized-light separating diffraction-grating having a blazed structure
according to a second embodiment, and is a front view and a partial plane view thereof.
[0083] Similar to the polarized-light separating diffraction-grating of Fig. 1, the polarized-light separating diffraction-
grating of the present embodiment comprises: a substrate 13 consisting of a metal material; a reflection surface formed
on a surface of the substrate 13; and lattice structured bodies (3A, 3B, 3C and 3D) of four patterns that are provided on
the reflection surface and exhibits a form birefringence (Δn∗). That is, as shown in the plane view in the upper part of
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Fig. 4, the lattice structured bodies (3A, 3B, 3C and 3D) of four patterns are aligned periodically in the X-axis direction
on a lattice surface of this polarized-light separating diffraction-grating like in the polarized-light separating diffraction-
grating of Fig. 1.
[0084] Whereas, as shown in the plane view in the lower part of Fig.4, the point different from the polarized-light
separating diffraction-grating of Fig. 1 is that the surface of the substrate 13 is formed in a stepped form of four steps
along the X-axis direction, and each step is provided with lattice structured bodies (3A, 3B, 3C or 3D) of different patterns
respectively. In this way, in the present embodiment, the lattice structured bodies (3A, 3B, 3C or 3D) of four patterns
are formed in a stepped form in accordance with the stepped-form structure of the surface of the substrate 13.
[0085] Moreover, the polarized-light separating diffraction-grating having the stepped-form structure that consists of
four steps as one unit is planarly and repetitively aligned in the X-axis direction, so that the reflective polarized-light
separating diffraction-grating having a blazed structure as a whole is formed. In other words, the reflective polarized-
light separating diffraction-grating of the present embodiment is formed such that the stepped-form structure of the
surface of the substrate 13 is repeated in accordance with a structurally periodic change of the azimuths of the lattice
structured bodies (3A, 3B, 3C and 3D) of four patterns.
[0086] The height h of the lattice structure (depth of the groove) is the same in the lattice structured bodies (3A, 3B,
3C and 3D) of any pattern.
[0087] The reflection surface 2 in the present embodiment is not limited to the structure of Fig. 1, and various structures
as shown in Fig. 2 are applicable. Moreover, in Fig. 4, the surfaces on the incident side of each substrate 13 are formed
in stepped forms, and the bottom surfaces of the substrates 13 are formed as one plane; however, it is not limited thereto,
and the stepped-form lattice structured bodies (3A, 3B, 3C and 3D) may be formed on both surfaces of the substrate
13 as shown in Fig. 3.
[0088] According to the reflective polarized-light separating diffraction-grating of the present embodiment, the diffract-
ed-light intensity of a desired diffraction order such as +1 order (or -1 order) can be increased by weakening the 0 order
diffracted light by the blazed structure thereof. Accordingly, by using the measurement device comprising such reflective
polarized-light separating diffraction-grating, a weaker signal can be detected and S/N of a detected signal can be
increased.
[0089] Fig. 5 is a three-dimensional view of a liquid-crystal birefringent-structured body applicable to the reflective
polarized-light separating diffraction-element according to a third embodiment.
[0090] Although not shown, the reflective polarized-light separating diffraction-element of the present embodiment
comprises: a substrate; a reflection surface formed on a surface of the substrate; and a plurality of liquid-crystal birefringent
structured bodies 51 aligned in a predetermined direction on this reflection surface.
[0091] The liquid-crystal birefringent structured body 51 has a plate form as shown in Fig. 5, and the reflection surface
is formed on either surface of the front and back surfaces (X-Y plane). This birefringent structured body 51 has a large
number of liquid-crystal molecules (also called as birefringent portion) disposed in one segment, and the liquid-crystal
molecules are aligned along the X-axis direction such that an orientation of the optical axis of birefringence of each
liquid-crystal molecule continuously change for 360 degrees within a plane parallel to the reflection surface. Here, the
orientation of the optical axis shows the direction of molecular orientation of the liquid-crystal molecule, and the periodic
change of molecular orientation of the birefringent structured body 51 is two times of the structural period (A) of the
lattice structure like Fig. 1.
[0092] The symbols in the drawing show the orientations of the optical axes of the liquid-crystal molecules. When
describing along the X-axis direction, the orientations of the optical axes of the liquid-crystal molecules in the segment
are: toward the positive direction (upward) of the Y-axis at the left end region of the X-axis; toward the negative direction
(downward) of the Y-axis at the center of the X-axis; and toward the positive direction (upward) of the Y-axis again at
the right end region of the X-axis. That is, the liquid-crystal molecules at both ends of the segment are toward the same
direction.
[0093] The optical axes of the liquid-crystal molecules distributed in the Y-Z plane perpendicular to the X-axis are all
toward the same direction.
[0094] In the region from the left end to the center of the X-axis, the orientations of the optical axes continuously
change from upward to downward. In the region from the center to the right end of the X-axis, the orientations of the
optical axes continuously change from downward to upward. The thickness d of the birefringent structured body 51 is
within a range of several micrometers to several tens of micrometers.
[0095] As shown in Fig. 5, the property of the birefringent-structured body 51 alone is that the incident light from the
back surface transmits the birefringent structured body 51, so that the right-handed circularly-polarized light contained
in the incident light becomes the +1 order diffracted light, and the left-handed circularly-polarized light contained in the
incident light becomes the -1 order diffracted light; therefore, it has a good polarized-light separation property.
[0096] In this way, in the reflective polarized-light separating diffraction-element of the present embodiment, a plurality
of birefringent structured bodies 51 aligned on the reflection surface is used. In one segment of the birefringent structured
body 51, a large number of liquid-crystal molecules (birefringent portion) are disposed, and the orientations of the optical
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axes of birefringence of the liquid-crystal molecules continuously change along the X-axis; therefore, S/N thereof is
significantly improved by the measurement device using the reflective polarized-light separating diffraction-element of
the present embodiment. This is because the smaller the difference between the orientations of the optical axes of
birefringence of the adjacent liquid-crystal elements is, the polarized-light separation property of the diffraction element
improves.
[0097] It is not limited to the polarized-light separating diffraction-grating using molecular orientation. A similar effect
can be achieved in a polarized-light separating diffraction-element of which birefringent portions other than liquid-crystal
molecules are used and disposed such that the orientations of the optical axes of birefringence change continuously.
[0098] Next, a configuration of an optical measurement device (e.g., a circular dichroism measurement device or a
birefringence measurement device) comprising the reflective polarized-light separating diffraction-grating of the present
embodiment is described. Fig. 6A is an overall configuration of an optical measurement device according to a fourth
embodiment.
[0099] As shown in Fig. 6A, an optical measurement device 10 comprises a reflective polarized-light separating dif-
fraction-grating 20, an incident optical means 30, and a detection optical means 40. The incident optical means 30 is
an optical equipment comprising a prefix spectrometer 31. The incident optical means 30 selects a light of a predetermined
wavelength from a measurement light that comes from a light source (e.g., a deuterium lamp that emits an ultraviolet
light having a wavelength region of 185 to 360 nm) at the prefix spectrometer 31, and makes the light incident on the
reflective polarized-light separating diffraction-grating 20 as the measurement light having a uniform phase of the pre-
determined wavelength. When a measurement target is disposed on the optical path between the prefix spectrometer
31 and the polarized-light separating diffraction-grating 20, the measurement light from the prefix spectrometer 31 is
incident on the reflective polarized-light separating diffraction-grating 20 after the polarization state is changed by optical
properties (such as circular dichroism (CD), linear dichroism (LD), circularly-polarized birefringence (CB), or linearly-
polarized birefringence (LB)) of the measurement target.
[0100] The detection optical means 40 comprises two detectors 41, and these detectors are disposed in the directions
of the 61 order diffracted lights from the reflective polarized-light separating diffraction-grating 20 to detect the 61 order
diffracted lights. When the measurement target is disposed on the optical path of the detection optical means 40, the
61 order diffracted lights are detected after the polarization state is changed by birefringence of the measurement target.
[0101] Fig. 6B is an overall configuration of an optical measurement device according to a fifth embodiment. By
providing a means for rotating or swinging the reflective polarized-light separating diffraction-grating 20, the detected
signal changes periodically. Accordingly, high-sensitivity measurement using a detection means such as a lock-in am-
plifier can be performed even when a signal is weak such as circular dichroism.
[0102] Moreover, the reflective polarized-light separating diffraction-grating 20 of Fig. 6B is one of which a lattice
structured body is formed on one side; however, it may be exchanged to one of which lattice structured bodies are
formed on both surfaces. For example, at a timing when the front surface of the polarized-light separating diffraction-
grating that rotates faces front toward the detector 41 provided only in the direction of the +1 order diffracted light of the
optical measurement device of Fig. 6B, the left-handed circularly-polarized light may be incident on the detector 41; and
at a timing when the back surface faces front, the right-handed circularly-polarized light may be incident on the detector
41. In this way, by using both surfaces of the reflective polarized-light separating diffraction-grating, optical properties
such as circular dichroism can be measured with high sensitivity at high speed. Likewise, when measuring linear dichr-
oism, a P polarized light may be incident on the detector 41 from the front surface of the polarized-light separating
diffraction-grating, and an S polarized light may be incident on the detector 41 from the back surface.
[0103] Fig. 7A is an overall configuration of an optical measurement device according to a sixth embodiment. A chopper
32 is disposed on the optical path between the prefix spectrometer 31 and the reflective polarized-light separating
diffraction-grating 20, so that irradiation and blocking of the measurement light are repeated by the action of the chopper
32. Moreover, Fig. 7B is an overall configuration of an optical measurement device according to a seventh embodiment.
A removable sample holding means 33 is disposed on the optical path between the prefix spectrometer 31 and the
reflective polarized-light separating diffraction-grating 20, so that a sample measurement and a background measurement
are repeated by the action of the sample holding means 33. High-sensitivity measurement of optical properties can be
performed by these means.
[0104] Regarding high-sensitivity measurement of optical properties, like in an optical measurement device according
to an eighth embodiment of Fig. 8A, high-sensitivity measurement can be also performed by disposing a polarizer 34 to
be perpendicular to a central axis of the optical path of the measurement light and providing a means for rotating the
polarizer 34 around the central axis of the optical path. Moreover, like in an optical measurement device according to a
ninth embodiment of Fig. 8B, high-sensitivity measurement can also be performed by disposing a PEM 35 on the optical
path of the measurement light.
[0105] Fig. 9 is an overall configuration of an optical measurement device according to a tenth embodiment. The
optical measurement device of Fig. 9 comprises: a reflective polarized-light separating diffraction-grating 20; an incident
optical means 30 including a light source 36; and a detection optical means 40 including an array-type detector 42 such
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as CCD. The light source 36 emits a measurement light of a predetermined wavelength range. Similar to the optical
measurement devices of Fig. 6 to Fig. 8, the measurement target may be disposed on the optical path of the incident
optical means 30, or on the optical path between the reflective polarized-light separating diffraction-grating 20 and the
array-type detector 42. According to the optical measurement device having such configuration, optical properties (such
as circular dichroism (CD), linear dichroism (LD), circularly-polarized birefringence (CB), or linearly-polarized birefrin-
gence (LB)) regarding a plurality of wavelengths can be measured simultaneously.
[0106] Fig. 10A is an overall configuration of a circular dichroism measurement device according to an eleventh
embodiment, and Fig. 10B shows a signal processing means that calculates a CD signal from a detected signal thereof.
The reference sign 43 shows an aperture. The reference sign 20 shows a polarized-light separating diffraction-grating
formed with lattice structured bodies on both surfaces. In this circular dichroism measurement device, the right-handed
circularly-polarized light and the left-handed circularly-polarized light are irradiated to the measurement target alternately
by rotating or swinging the polarized-light separating diffraction-grating 20. Accordingly, as shown in Fig. 10B, a detected
signal having a periodic change can be acquired in each case of with and without the sample, and high-sensitivity
measurement of circular dichroism can be performed by using a waveform forming means 61 (such as BPF) and a lock-
in amplifier 62.
[0107] Fig. 11A and Fig. 11B show property graphs of the polarized-light separating diffraction-grating, and show that
detection sensitivity of the polarization state in a predetermined angle of ellipticity improves in the reflective polarized-
light separating diffraction-grating than the transmissive type. The horizontal axis of the graph shows the angle of ellipticity,
and the vertical axis shows a diffracted-light intensity of the +1 order light. That is, by using the reflective polarized-light
separating diffraction-grating of the present embodiment, and by selecting materials, thickness, and application methods
such as an oblique deposition method of the reflection film (including the reflection surface), distribution of the diffracted-
light intensity relative to the angle of ellipticity can be controlled when the angle of incidence is other than zero degrees.
Therefore, sensitivity (S/N) relative to a predetermined angle of ellipticity can be improved.
[0108] According to the optical measurement device of the present embodiment, since it comprises the reflective
polarized-light separating diffraction-grating, the optical path can be returned at the polarized-light separating diffraction-
grating, and disposition of the configuration equipment can be made compact. Moreover, since it comprises the reflective
polarized-light separating diffraction-grating, reduction in the amount of light by absorption of the ultraviolet light region
can be suppressed compared to the transmissive polarized-light separating diffraction-grating, and optical measurement
such as circular dichroism or polarized-light birefringence using the measurement light having a wide wavelength region
ranging from ultraviolet region to infrared region can be performed. Moreover, the reflective polarized-light separating
diffraction-grating divides the right-handed and left-handed circularly polarized lights contained in the incident light into
different directions, so that optical measurement can be accelerated.
[0109] In the example of Fig. 11, linearity of diffraction intensity relative to the angle of ellipticity can be increased by
coating the outermost surface with silver. Accordingly:

1) in the vicinity of the angle of ellipticity (-45 degrees and +45 degrees) of which the incident light is a circularly-
polarized light, inclination of diffraction intensity relative to the angle of ellipticity can be made larger from a usual
(transmissive type) small inclination. Accordingly, the change rate of the diffracted-light intensity can be made larger
in the vicinities of -45 degrees and +45 degrees, so that sensitivity upon detection of the circularly-polarized light
can be improved effectively. Moreover,
2) in all angle range, inclination can be made more constant without depending on the angle of ellipticity. Accordingly,
measurement can be performed at a constant sensitivity in all regions without depending on the polarization state
(angle of ellipticity) of the incident light.

Reference Signs List

[0110] 1: Substrate; 2: Reflection surface; 3: Lattice structured body assembly; 11, 13: Substrate; 12: Lattice uneven
structured body assembly; 10: Optical measurement device; 20: Polarized-light separating diffraction-grating; 30: Incident
optical means; 40: Detection optical means; 51: Birefringent structured body.

Claims

1. A reflective polarized-light separating diffraction-element comprising:

a substrate;
a reflection surface formed on a surface of the substrate; and
a lattice structured body assembly that is provided on the reflection surface and exhibits a form birefringence



EP 4 080 255 A1

20

5

10

15

20

25

30

35

40

45

50

55

(Δn∗),

wherein

the lattice structured body assembly includes lattice structured bodies of a plurality of patterns having lattice
structures of different azimuths, and
these lattice structured bodies of a plurality of patterns are aligned in a predetermined direction on the reflection
surface so that the azimuths of the lattice structures change in a structurally periodic manner.

2. The reflective polarized-light separating diffraction-element of claim 1, wherein

the surface of the substrate is formed in a stepped form along the predetermined direction,
the lattice structured bodies of a plurality of patterns are also provided in a stepped form in accordance with the
stepped form of the surface of the substrate, and
the stepped form of the surface of the substrate is repeated in accordance with a structurally periodic change
of the azimuth.

3. The reflective polarized-light separating diffraction-element of claim 1 or 2, wherein
the reflection surface and the lattice structured body are formed on both surfaces of the substrate.

4. A reflective polarized-light separating diffraction-element comprising:

a substrate; and
a lattice uneven structured body assembly that is formed on a surface of the substrate and exhibits a form
birefringence (Δn∗),

wherein

an uneven surface of the lattice uneven structured body assembly is a reflection surface,
the lattice uneven structured body assembly includes lattice uneven structured bodies of a plurality of patterns
having lattice uneven structures of different azimuths, and
these lattice uneven structured bodies of a plurality of patterns are aligned on the surface of the substrate in a
predetermined direction so that the azimuths of the lattice uneven structures change in a structurally periodic
manner.

5. The reflective polarized-light separating diffraction-element of claim 4, wherein

the surface of the substrate is formed in a stepped form along the predetermined direction,
the lattice uneven structured bodies of a plurality of patterns are also formed in a stepped form in accordance
with the stepped form of the surface of the substrate, and
the stepped form of the surface of the substrate is repeated in accordance with a structurally periodic change
of the azimuth.

6. The reflective polarized-light separating diffraction-element of claim 4 or 5, wherein
the lattice uneven structured body and the reflection surface are formed on both surfaces of the substrate.

7. A reflective polarized-light separating diffraction-element comprising:

a substrate;
a reflection surface formed on a surface of the substrate; and
a plurality of birefringent structured bodies aligned on the reflection surface in a predetermined direction,

wherein
each birefringent structured body has a large number of birefringent portions disposed within one segment, and the
plurality of birefringent portions are aligned along the predetermined direction such that an orientation of an optical
axis of birefringence of each birefringent portion continuously changes for at least 180 degrees within a surface
parallel to the reflection surface.
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8. The reflective polarized-light separating diffraction-element of claim 7, wherein
the birefringent structured body and the reflection surface are formed on both surfaces of the substrate.

9. An optical measurement device comprising:

a reflective polarized-light separating diffraction-element of any one of claims 1 to 8;
an incident optical means that makes a measurement light incident on the reflective polarized-light separating
diffraction-element; and
a detection optical means that detects lights in at least one or more specific directions among reflected lights
that are diffracted by the reflective polarized-light separating diffraction-element,

wherein
the optical measurement device measures optical properties of a measurement target disposed on an optical path
of the incident optical means or the detection optical means.
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